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We recently have introduced the term vasculogenic mimicry to
describe the unique ability of aggressive melanoma tumor cells to
form tubular structures and patterned networks in three-dimen-
sional culture, which ‘‘mimics’’ embryonic vasculogenic networks
formed by differentiating endothelial cells. In the current study, we
address the biological significance of several endothelial-associ-
ated molecules (revealed by microarray analysis) with respect to
expression and function in highly aggressive and poorly aggressive
human cutaneous melanoma cell lines (established from the same
patient). In a comparative analysis, CD31 was not expressed by any
of the melanoma cell lines, whereas TIE-1 (tyrosine kinase with Ig
and epidermal growth factor homology domains-1) was strongly
expressed in the highly aggressive tumor cells with a low level of
expression in one of the poorly aggressive cell lines. Vascular
endothelial (VE)-cadherin was exclusively expressed by highly
aggressive melanoma cells and was undetectable in the poorly
aggressive tumor cells, suggesting the possibility of a vasculogenic
switch. Down-regulation of VE-cadherin expression in the aggres-
sive melanoma cells abrogated their ability to form vasculogenic
networks and directly tested the hypothesis that VE-cadherin is
critical in melanoma vasculogenic mimicry. These results highlight
the plasticity of aggressive melanoma cells and call into question
their possible genetic reversion to an embryonic phenotype. This
finding could pose a significant clinical challenge in targeting
tumor cells that may masquerade as circulating endothelial cells or
other embryonic-like stem cells.

During embryonic development, the formation of primary
vascular networks occurs by vasculogenesis, the in situ

differentiation of mesodermal progenitor cells (angioblasts or
hemangioblasts) to endothelial cells that organize into a prim-
itive network (for review, see ref. 1). The subsequent growth and
remodeling of the vasculogenic primitive network into a more
refined complex of functionally efficient vasculature occurs
through angiogenesis, the sprouting of new capillaries from a
preexisting network (for review, see ref. 2). Similarly, it is widely
held that during cancer progression, the blood supply required
for tumors to survive, grow, and metastasize occurs via tumor
angiogenesis, involving the process of signaling new blood vessel
growth into a growing tumor mass (2–5).

Recently, our laboratory and collaborators have introduced
the term vasculogenic mimicry to describe the unique ability of
aggressive melanoma tumor cells to form tubular structures and
patterned networks in three-dimensional culture, which ‘‘mim-
ics’’ the pattern of embryonic vasculogenic networks (6). This
initial study used a multidisciplinary approach to investigate the
pathological indices in uveal melanoma patient tumors corre-
lated with data generated from tumor-derived cell lines in
three-dimensional in vitro cultures, invasion assays, and microar-
ray analysis of differential gene expression. Most noteworthy was
the revelation that the presence of matrix-rich networks (sur-
rounding spheroids of tumor cells) in aggressive primary and
metastatic uveal melanoma tumors correlated with poor clinical

outcome in patients (6, 7). Furthermore, the cell lines derived
from the highly aggressive, but not poorly aggressive, tumors,
were invasive in vitro and capable of forming embryonic-like
vasculogenic networks in three-dimensional culture. Microarray
analysis of differential gene expression of highly aggressive vs.
poorly aggressive human uveal (6) and cutaneous (8) melanoma
cell lines revealed the coexpression of multiple phenotypic
markers by the aggressive tumor cells that are characteristic of
endothelial, epithelial, and hematopoietic phenotypes, collec-
tively suggesting a genetic reversion to a pluripotent, embryonic-
like phenotype. However, the biological significance of these
aberrantly expressed genes and the molecular mechanisms in-
volved in vasculogenic mimicry remain enigmatic.

In the current study, we addressed the biological significance
of several endothelial-associated molecules with respect to ex-
pression and function in highly aggressive and poorly aggressive
human cutaneous melanoma cell lines established from the same
patient. One of the endothelial-specific genes that was expressed
by aggressive melanoma cells with highest fidelity is vascular
endothelial (VE)-cadherin (CD144 or cadherin 5). VE-cadherin
is an adhesive protein, known to be expressed exclusively by
endothelial cells, and belongs to the cadherin family of trans-
membrane proteins promoting homotypic cell-to-cell interaction
(9–12). The significance of VE-cadherin is exemplified by re-
ports showing that mice deficient in VE-cadherin or expressing
truncated VE-cadherin die in midgestation from severe vascular
defects, involving endothelial apoptosis and disrupted survival
signaling pathways (13). In the present study, VE-cadherin is
shown to be exclusively expressed by aggressive human cutane-
ous and uveal melanoma tumor cells and not expressed by the
poorly aggressive tumor cells. Furthermore, the biological sig-
nificance of this finding is demonstrated through knockout
experiments of VE-cadherin, which resulted in the inability of
the aggressive melanoma cells to form embryonic-like vasculo-
genic networks in three-dimensional culture. An additional cell
adhesion protein, CD31, a platelet endothelial cell adhesion
molecule, was not expressed by any of the melanoma tumor cells.
TIE-1 (tyrosine kinase with Ig and epidermal growth factor
homology domains-1), a receptor tyrosine kinase, was strongly
expressed in the highly aggressive tumor cells with a very low
level of expression in a poorly aggressive uveal melanoma cell
line. These studies highlight the plasticity of aggressive human
melanoma tumor cells and call into question the underlying
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significance of their ability to express an endothelial-specific
molecule critical in the formation of vasculogenic networks and
vasculogenic mimicry.

Materials and Methods
Cell Culture. The human cutaneous (C81–61 and C8161) and
uveal melanoma (OCM-1A, C918, MUM-2B, and MUM-2C)
cell lines have been characterized previously according to their
phenotype, invasive and metastatic potential, and clinical sig-
nificance. C8161, C918, and MUM-2B cells are highly aggressive,
whereas C81–61, OCM-1A, and MUM-2C are poorly aggressive
melanoma cells (6, 14, 15). Human umbilical vein endothelial
cells (HUVECs) were maintained in DMEM, 10% FBS, 13 Mito1
(Collaborative Biomedical, Bedford, MA), and 0.1% gentamicin
sulfate. Angioblasts containing CD342 leukocytes were isolated
and cultured as described for CD341 enriched angioblasts, then
fixed and photographed after 24 days in culture (16).

Three-dimensional type I collagen gels were produced with 15
ml of type I collagen (average 3 mgyml; Collaborative Biomed-
ical) on 18-mm glass coverslips and analyzed by phase and
transmission electron microscopy, as described (6).

Microarray Analysis. cDNA microarrays detected altered gene
expression in highly invasive human cutaneous melanoma cells
by the method previously described (8), and the relative expres-
sion of selected genes critical for vascular formation and main-
tenance is reported as highly invasive and metastatic compared
with poorly invasive melanoma cells (Table 1). Hybridization to
cDNA microarrays and data analysis followed the previously
described procedures (ref. 8; also see http:yywww.nhgri.nih.govy
DIRyLCGy15KyHTMLy).

Western Blot Analysis. The protein concentration in whole-cell
lysates from the different cultures were determined by using a
microbicinchoninic acid protein assay (BCA, Pierce) and equal
amounts of protein for each cell line loaded onto 7.5% reducing
sodium-dodecylsulfate polyacrylamide gels for electrophoresis.
The separated proteins were transblotted onto Immobilon-P
membranes (Millipore), which subsequently were probed with
antibodies to human VE-cadherin (Transduction Laboratories,
Lexington, KY), CD-31, or TIE-1 (R&D Systems), and detected
as described (14).

Semiquantitative Reverse Transcription (RT)-PCR Analysis. RT of
total RNA from HUVECs and melanoma cell lines was per-
formed by using the Advantage PCR kit as per the manufac-
turer’s instructions (CLONTECH). PCR amplification reactions
using VE-cadherin-specific primers (forward: 59-CCGGCGC-
CAAAAGAGAGA-39; reverse: 59-CTGGTTTTCCT-
TCAGCTGGAAGTGGT-39) were performed in a Robocycler
Gradient 96 Thermocycler (Stratagene): 1 cycle: 94°C, 1 min; 30
cycles: 94°C, 1 min; 68°C, 2.5 min, 72°C, 1 min; and 1 cycle: 72°C,
5 min. Glyceraldehyde-3-phosphate dehydrogenase primers
(CLONTECH) were used as controls for PCR amplification.

PCR fragments were verified by DNA sequencing analysis and
showed 100% identity to VE-cadherin cDNA sequence.

Immunohistochemistry. The identification and localization of VE-
cadherin and CD-31 in three-dimensional cell cultures was
performed by using antibodies to VE-cadherin (Transduction
Laboratories) and CD-31 (R&D Systems) and the Vectastain
ABC and AEC kits (Vector Laboratories; 403). Briefly, cultures
were fixed in 3.7% formaldehyde followed by a wash with 0.1%
Triton X-100 in PBS for 5 min. The cultures then were incubated
with the primary antibody for 2 h followed by processing using
the Vectastain ABC and AEC kits according to the manufac-
turer’s protocol, or for immunofluorescence microscopy, as
described (15). Images were obtained by using a Zeiss Axioskop
2, equipped with a Spot 2 camera system (Diagnostic Instru-
ments, Sterling Heights, MI), and images were captured by using
the Zeiss AXIOVISION 2.0.5 software package.

Microinjection of Fluoresceinated Dyes. Patterned tubular networks
observed in 3-week-old cultures of C8161 human cutaneous
melanoma cells grown on collagen I gels were injected with 7%
lucifer yellow dye in water (wtyvol; lithium salt, Molecular
Probes) by using a Zeiss 135 Axiovert microscope and Eppen-
dorf 5170 micromanipulator and 5242 microinjector (Brink-
mann). A video recording was made by using an Optronics
camera (Goleta, CA) and videocassette recorder, and images
subsequently were captured from the tape by using a Matrox
Meteor frame grabber (Dorval, Canada) and AXIOVISION
software.

Knockout of VE-Cadherin. The surface availability andyor expres-
sion of VE-cadherin on highly aggressive C8161 human mela-
noma cells was transiently suppressed by treating the cells with
a blocking mAb to VE-cadherin (cadherin-5; Transduction
Laboratories; 2.5 mgyml final concentration) alone, or by phos-
phorothioate-modified oligonucleotides (commercially pre-
pared by Integrated DNA Technologies; Coralville, IA) as
scrambled (59-39; GACTGGAATGCAGATCGA) or in the
sense (59-39; AAGATGCAGAGGCTCATG; 18-mer) or anti-
sense (59-39; CATGAGCCTCTGCATCTT; 18-mer) orienta-
tions (or a combination of both oligonucleotides and antibody
application). Treated cells were seeded onto 18-mm coverslips
coated with a three-dimensional collagen I matrix in a 12-well
dish (5 3 105 cellsywell in 1.0 ml complete medium). The cells
were allowed to attach for 3 h, washed once with serum-free
Opti-MEM medium (Life Technologies, Gaithersburg, MD) and
incubated for 5 h with 1 mM scrambled, sense, or antisense
oligonucleotides by using the Lipofectamine delivery system
(Life Technologies). Serum-containing medium was added to
the cells, and fresh oligonucleotides were added every other day
(or fresh antibody daily). At 1 week postseeding, the medium was
removed and the cells were washed with 13 PBS. For confir-
mation of VE-cadherin knockout, the cells were subjected to
Western blot analysis. Confirmation that the treatment inhibited
the formation of the matrix patterns was performed by fixing the
cultures with 3.7% formaldehyde, then staining the cultures with
a periodic acid-Schiff without the hemotoxylin counterstain.

Results
VE-Cadherin Is Exclusively Expressed by Aggressive Melanoma Cells.
Microarray analysis of poorly aggressive vs. highly aggressive
human cutaneous melanoma cells (derived from the same
patient) by using hybridization to cDNA microarrays allowed for
the direct comparison of the differential expression of 6,000
genes simultaneously. From this analysis, as illustrated in Table
1, two endothelial-specific genes are shown to be overexpressed
in the highly aggressive cutaneous melanoma cells compared
with the poorly aggressive cells derived from the same patient.

Table 1. Microarray analysis of endothelial-associated genes
expressed by cutaneous melanoma

Protein Symbolyunigene Function Ratio*

CD31 PECAMyHs.78146 Adhesion molecule 0.2
TIE-1 TIEyHs.78824 Receptor tyrosine kinase 25.0
VE-cadherin CDH5yHs.76206 Cell–cell adhesion 10.7

*cDNA microarray analysis was performed as described (8), comparing highly
aggressive (C8161) vs. poorly aggressive (C81-61) human cutaneous mela-
noma cells from the same patient. Approximately 1,600 expressed sequence
tags and known genes were differentially expressed from a total of 6,000.

Hendrix et al. PNAS u July 3, 2001 u vol. 98 u no. 14 u 8019

M
ED

IC
A

L
SC

IE
N

CE
S



Specifically, TIE-1 (a receptor tyrosine kinase) and VE-cadherin
(CD144 or cadherin 5) were significantly overexpressed by the
highly aggressive melanoma cells. In contrast, CD31 (a platelet
endothelial cell adhesion molecule; PECAM-1) was not differ-
entially expressed.

Further investigation of the differential expression of select
endothelial-specific genes was achieved by Western blot analysis,
as shown in Fig. 1. Using an expanded panel of highly and poorly
aggressive human cutaneous and uveal melanoma cell lines, the
expression of VE-cadherin, TIE-1, and CD31 was probed with
commercially available mAbs to each respective endothelial-
specific protein. The Western data (Fig. 1 A) confirmed the
microarray expression patterns of these endothelial-specific
genes at the protein level for VE-cadherin and TIE-1, as well as
the absence of expression of CD31 in all melanoma cell lines
tested. The HUVECs served as a positive control for VE-
cadherin and CD31 expression. RT-PCR analysis further vali-
dated the VE-cadherin expression profile in melanoma cell lines
(Fig. 1B). Most noteworthy was the strong expression of VE-
cadherin by the aggressive melanoma cells and the complete
absence of expression by the poorly aggressive cells.

Functional studies were performed to test the hypothesis that
VE-cadherin expression by aggressive melanoma tumor cells
resulted in their ability to mimic endothelial cells by forming
patterned vasculogenic networks. Morphological analyses of
human cutaneous melanoma cells in three-dimensional culture
after 3 days revealed that highly aggressive C8161 cells formed
a vasculogenic pattern of cord-like networks (Fig. 2A), similar to
those formed de novo by angioblasts (Fig. 2B). Poorly aggressive
C81–61 cells were unable to form networks under similar culture
conditions (Fig. 2C). Immunohistochemical analysis of VE-
cadherin distribution in cryostat sections of the C8161-formed
networks (similar to those shown in Fig. 2 A) demonstrated a red
chromogenic stain outlining the network structures throughout

the culture (Fig. 2D). The negative control receiving no primary
antibody showed no nonspecific staining by the secondary
antibody (Fig. 2D Inset). Localization of the VE-cadherin in
monolayer culture of C8161 cells highlighted the specific labeling
of cell adhesion junctions (Fig. 2E). Transmission electron
microscopic analysis (Fig. 2F) of developing melanoma cell

Fig. 1. Western blot (A) and semiquantitative RT-PCR (B) analyses of endo-
thelial-associated markers by human melanoma tumor cells. Western blot
analysis of VE-cadherin (VE-cad), CD31, and TIE-1 in human cutaneous and
uveal melanoma highly aggressive (*) and poorly aggressive cell lines (A).
RT-PCR analysis of VE-cadherin (VE-cad) expression in similar melanoma cell
samples as shown in A. Equal loading is demonstrated by glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression (B). The aggressive melanoma
cells form primitive vasculogenic networks in three-dimensional collagen gels
in vitro. (HUVECs were used as positive controls for VE-cadherin expression.)

Fig. 2. Morphological and immunohistochemical analyses of highly aggres-
sive and poorly aggressive cutaneous melanoma cells in three-dimensional
collagen gels (A–D and F) and in monolayer culture (E). Phase-contrast mi-
croscopy (A–C) demonstrates the ability of highly aggressive cutaneous C8161
melanoma cells to form a vasculogenic pattern of cordlike networks (A),
similar to those formed de novo by human angioblasts (B). Poorly aggressive
cutaneous C81–61 melanoma cells were unable to form networks under
similar culture conditions (C). Immunohistochemical staining for VE-cadherin
(shown as red chromogenic stain) in a cryostat section of C8161 cells highlights
developing vasculogenic networks; the negative control (Inset) receiving no
primary antibody showed no nonspecific staining by the secondary antibody
(D). Immunostaining for VE-cadherin in C8161 monolayer culture demon-
strates the intercellular junctions (E). Transmission electron microscopy of
developing vasculogenic networks by C8161 cells reveals the endothelial-like
nature of the outermost perimeter cells (F). Alignment of melanosomes within
the perimeter network cells is shown in the Inset.

8020 u www.pnas.orgycgiydoiy10.1073ypnas.131209798 Hendrix et al.



networks (in three-dimensional culture), formed by aggressive
cutaneous C8161 melanoma cells, illustrates the flattened, en-
dothelial-like nature of the outermost perimeter cells, and some
evidence of cellular debris (possibly due to apoptosis), during the
establishment and remodeling of what will become larger tubular
networks (demonstrated in Fig. 3A). Endothelial-like fenestrae
are also evident. The higher-resolution transmission electron

micrograph inset in Fig. 2F illustrates the alignment of mela-
nosomes within the melanoma cells forming the perimeter of a
network.

Down-Regulation of VE-Cadherin Abrogates Vasculogenic Mimicry.
Further experiments were designed to directly test the hypothesis
that VE-cadherin was critical to the formation of melanoma-
generated networks, using antisense oligonucleotides to down-
regulate the expression of VE-cadherin. Microinjection of three-
dimensional cultures of aggressive melanoma cell-formed
networks revealed their ability to conduct a fluorescent dye (Fig.
3A Upper Left Inset), thus indicating the hollow nature of the
mature tubular networks. A longitudinal section through the
melanoma networks in the three-dimensional collagen gel illus-
trates several hollow tubes, in addition to the invasive ability of
C8161 cells to migrate through the 10-mm size pores in the
polycarbonate filter to the undersurface of the filter where they
form a monolayer in the absence of a gel matrix (Fig. 3A Lower
Right Inset). Aggressive melanoma cells treated with sense (Fig.
3A), scrambled sequence (not shown), or antisense (Fig. 3B)
oligonucleotides to VE-cadherin demonstrated that no networks
could form when VE-cadherin expression was down-regulated
(Fig. 3B). Periodic acid-Schiff stain was applied to these cultures
to highlight the extracellular matrix composition of the networks,
as described (6), which does not render cells easily detectable.
VE-cadherin expression after no treatment or sense, antisense,
or scrambled oligonucleotide treatment, was verified by Western
blot analysis (Fig. 3C).

Discussion
Attempts to elucidate the mechanisms of blood supply to
growing tumors have presented a significant challenge using
detection methods based on traditional markers of endothelial-
specific vs. tumor-specific antigens. The introduction of the
concept of angiogenesis-driven tumor growth has ignited a
cottage industry of research, which forms the basis for new and
hopeful therapies targeted at endothelial-lined tumor vascula-
ture (3). Equally important has been the application of microar-
ray analyses, hereby providing new molecular classifications of
tumors based on gene expression profiles (8). However, from a
clinical perspective, it remains enigmatic why some tumors are
able to respond to certain cancer therapies, whereas others do
not. Possibly, the answer to this question could be better
addressed by first considering the ‘‘embryonic footprint’’ of the
cancer cells comprising specific tumors.

As we have learned from the study of embryogenesis, the
process responsible for the establishment of primary vascular
networks is vasculogenesis. This initial process involves the in situ
differentiation of undifferentiated mesenchymal precursor cells
to endothelial cells that are programmed to organize a primitive
network (1, 2). In fact, new evidence suggests that these endo-
thelial cells can be derived from angioblasts or hemangioblasts,
and that a newly discovered vascular progenitor cell can produce
both smooth muscle cells and endothelial cells (17). The remod-
eling of the primitive vasculogenic network occurs via angio-
genesis, and although it is assumed that the development of new
vessels in the adult arises primarily from the angiogenic process,
vasculogenesis has been reported in certain adult pathological
conditions as well (1).

Our study provides strong evidence in support of the hypoth-
esis that expression of VE-cadherin by aggressive melanoma
tumor cells results in their ability to mimic endothelial cells and
form embryonic-like, patterned, vasculogenic networks in three-
dimensional culture, hence the term vasculogenic mimicry. The
microarray data, comparing the gene expression of highly ag-
gressive (C8161) vs. poorly aggressive (C81–61) human cutane-
ous melanoma cells (derived from the same patient), revealed
the differential expression of '1,600 expressed sequence tags

Fig. 3. Morphological and biochemical analyses of VE-cadherin knockout in
highly aggressive human cutaneous C8161 melanoma cells. Cells were treated
with sense (A) or antisense (B) oligonucleotides to VE-cadherin over 1 week in
three-dimensional collagen gels, followed by periodic acid-Schiff staining to
highlight extracellular matrix-rich vasculogenic networks. (This method ren-
ders tumor cells not easily detectable.) The tumor cell cultures receiving the
control sense (A) or scrambled oligonucleotides (not shown) formed tubular
networks that were perfusable with microinjected fluorescent dye (Upper Left
Inset; from the tubular region in the box) and appeared as hollow tubes with
lumens in longitudinal section (yellow arrowhead; Lower Right Inset). The
Lower Right Inset also demonstrates the invasive ability of the C8161 cells (*)
to migrate through the collagen gel and the 10-mm size pores (arrows) in the
polycarbonate filter to the undersurface of the filter where they form a
monolayer in the absence of a matrix. The cultures receiving the antisense
oligonucleotide treatment did not form networks (B). Western blot analysis
(C) of VE-cadherin expression shows the diminution of VE-cadherin in the
antisense-treated cells, but not in the controls (no treatment), sense-treated,
or scrambled oligonucleotide-treated cells.
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and known genes from a total of 6,000 examined and suggested
the genetic reversion of the aggressive melanoma cells to an
embryonic-like phenotype (8). This assumption is based on the
aberrant expression by aggressive melanoma cells of genes
associated with multiple phenotypes including endothelial cells,
as well as hematopoietic stem cells. We focused our study on
three of the endothelial-specific genes (TIE-1, CD31, and VE-
cadherin) to elucidate their potential involvement in tumor cell
vasculogenic mimicry. All three of these genes have been shown
to play a key role in endothelial blood vessel formation and
function (1); however, their expression patterns at the protein
level were quite disparate. The platelet endothelial cell adhesion
molecule CD31 was not expressed by any of the melanoma tumor
cells tested. The receptor tyrosine kinase TIE-1 was strongly
expressed in the highly aggressive cutaneous and uveal mela-
noma cells and was not detected in the poorly aggressive
cutaneous melanoma cells. However, the poorly aggressive uveal
melanoma cells expressed a low level of TIE-1. The expression
of VE-cadherin was strong in the highly aggressive melanoma
cells and undetectable in the poorly aggressive melanoma cells.
The VE-cadherin expression pattern demonstrated by the
matched pairs of human melanoma cells tested in this study may
represent a ‘‘vasculogenic switch’’ in the aggressive tumor cells.

The functional analysis of VE-cadherin with respect to tumor
cell vasculogenic mimicry revealed a typical cell-to-cell junction
localization pattern in the highly aggressive melanoma cells. In
three-dimensional culture, the aggressive tumor cells formed a
vasculogenic patterned network of cord-like structures, similar
to the differentiating angioblasts, their putative precursors. The
tumor cell vasculogenic networks stained positively for VE-
cadherin; whereas the poorly aggressive tumor cells were unable
to form network structures under similar culture conditions.
Ultrastructural assessment of the developing vasculogenic net-
works by aggressive tumor cells demonstrated the presence of
flattened and elongated tumor cells at the perimeter of the
networks, containing the alignment of melanosomes throughout
the cytoplasm. Endothelial-like fenestrae also were detected,
and there was evidence of apoptotic debris in the developing
lumen. Older melanoma cultures contained well developed
tubular structures, which were perfusable with a microinjected
fluoresceinated dye. The importance of VE-cadherin in the
formation of the vasculogenic networks and tubular structures
was directly tested through the use of antisense oligonucleotides
to down-regulate VE-cadherin expression.

There is no question that VE-cadherin expression is critical in
vasculogenic events. Before this study, VE-cadherin was con-
sidered an adhesive transmembrane protein exclusively ex-
pressed at interendothelial junctions in differentiated cells (9–
13). In fact, deficiency of VE-cadherin or truncation of the gene
results in embryonic lethality in transgenic mouse models,
induction of endothelial apoptosis, and abolishment of vascular
signaling cascades (13, 18). Further evidence highlighting the
role of VE-cadherin in vascular structure assembly was reported
with the use of targeted null mutation of VE-cadherin in mouse
embryonic stem cells, which resulted in the failed organization
of ‘‘vascular-like structures’’ in embryoid bodies (19).

Previous studies also have examined the comparative role of
VE-cadherin and CD31 with respect to endothelial tubulogen-
esis in cell culture models. These reports have shown that
VE-cadherin-expressing cells are capable of forming tubular
networks in three-dimensional gels, but CD31 transfectants
could not (20). Further dissection of the functional roles for
CD31 and VE-cadherin in endothelial tube assembly and lumen
formation in three-dimensional culture revealed that both pro-
teins appeared to be important in cell-to-cell association, but
CD31 may be responsible for cell migration or invasion of
collagen gels, whereas VE-cadherin may be involved in inter-
cellular lumen-formation events (21). In our study, the lack of

CD31 expression in the aggressive melanoma cells apparently
did not affect the migratoryyinvasive ability of these tumor cells,
because they had already acquired an invasive phenotye (6).

By microarray analysis, the 25-fold increase in TIE-1 expres-
sion by the highly aggressive melanoma cells compared with the
poorly aggressive cells suggested that this vascular endothelial
receptor tyrosine kinase might play a key role in tumor cell
vasculogenic mimicry. However, Western blot analysis revealed
a low level of expression of TIE-1 in one of the poorly aggressive
uveal melanoma cell lines. Additional experimental data (not
presented) demonstrated that treatment of highly aggressive
melanoma cells with inhibitory antibodies or antisense oligonu-
cleotides to TIE-1 did not affect the formation of vasculogenic
networks, which may suggest its nonessential role in the struc-
tural development of cords and tubes. Other studies focused on
the distinctive roles of TIE-1 and TIE-2 in blood vessel formation
have shown that TIE-1 is essential for vascular endothelial cell
integrity, but not critical for the differentiation of hematopoietic
cells (22, 23). However, TIE-2 studies have indicated its impor-
tance in endothelial cell vascular network formation (22). It is
important to consider that during the dynamic process of
vascular development, many growth factors, protein tyrosine
kinases, and cell adhesion molecules are integrally involved in
cooperative interactions (1, 24). Although our current study did
not focus on the role of growth factors, it is apparent from the
microarray analysis data that many endothelial-associated
growth factors and their respective receptors are expressed by
the melanoma cells capable of engaging in vasculogenic mimicry.
However, in a previous investigation, we determined that the
addition of basic fibroblast growth factor, transforming growth
factor b, vascular endothelial growth factor, or platelet-derived
growth factor to poorly aggressive uveal melanoma cells was not
sufficient to induce them to form vasculogenic networks, further
supporting the hypothesis that the aggressive melanoma cells
express a different genetic program than the poorly aggressive
cells (6).

The findings presented in our study demonstrate that aggres-
sive melanoma tumor cells express VE-cadherin, heretofore
exclusively associated with endothelial cells. The functional
significance of this remarkable finding is reflected by the role
VE-cadherin plays in tumor cell formation of embryonic-like,
vasculogenic networks de novo. Another intriguing example of a
cell type (other than an endothelial cell) expressing VE-cadherin
has been reported for cytotrophoblasts (25); they have been
shown to adopt a vascular phenotype (called pseudovasculogen-
esis) as they differentiate in human placental tissue. In the
developing murine allantois, vasculogenesis was shown to be
independent of erythropoiesis, indicating distinct biological
events (26). Based on these collective findings, together with the
aberrant expression by aggressive melanoma cells of endothelial-
associated genes (8), we have suggested that these melanoma
cells are able to engage in vasculogenic mimicry due to their
reversion to an embryonic-like phenotype. The two most press-
ing questions regarding tumor cell vasculogenic mimicry are:
Does this phenomenon occur in vivo, and if so, what is its
biological significance?

In response to the first question, there is a growing body of in
vivo evidence supporting the concept that melanoma tumor cells
can line vascular channels, tumor sinuses, and vessel-like spaces
(6, 7, 27–29). In addition, mosaic blood vessels (consisting of
both tumor cells and endothelial cells) recently have been
reported in colon carcinoma; however, of the tumors examined,
there was no correlation between the frequency of these vessels
and tumor gradeystage (30). Studies of aggressive breast carci-
noma have documented the absence of endothelial cells and the
lack of central necrosis and have suggested nonangiogenic, as
well as angiogenic, pathways of dissemination (31, 32). Unfor-
tunately, one of the major challenges in adequately determining
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the presence of tumor cells within the tumor vasculature is the
selection of detection methods that unequivocally distinguish
tumor cells from endothelial cells, smooth muscle cells, or
pericytes. Many studies rely on the presence of VE-cadherin to
identify endothelial cells. However, the findings presented in this
study would refute that approach. The use of CD31 is also
popular in the identification of endothelial cells. Again, recent
observations in breast and ovarian carcinoma indicate that CD31
is expressed by the aggressive tumor cells (33, 34), thereby
questioning its utility as exclusively endothelial cell-specific.
Obviously, better detection methods using double-labeling tech-
niques and more specific molecular probes are warranted to
address the question of vasculogenic mimicry and mosaic vessels.

The question of biological relevance with respect to vasculo-
genic mimicry is the most perplexing. The suggestion has been
made that tumor plasticity allows vasculogenic mimicry to occur
(35). Is this a novel form of an angiogenic or vasculogenic
switch? In embryonic development, vasculogenesis and angio-
genesis occur concomitantly. Based on the molecular profile of
the aggressive melanoma cells, it is tempting to speculate that
they have reverted to an embryonic-like phenotype recapitulat-
ing the formation of primitive vasculogenic networks. Histolog-
ical evidence showing a convergence of melanoma tumor-lined

and endothelial-lined vasculature suggests a potential morpho-
logical pathway for perfusion and dissemination associated with
aggressive, but not nonaggressive, tumors (7). However, this
supposition requires rigorous follow-up. The most profound
implication of the current study rests in the translational impact
of targeting aggressive tumor cells that may masquerade as
circulating endothelial cells. Although the application of mAb to
VE-cadherin inhibits endothelial cell-driven angiogenesis in
Lewis lung and epidermoid tumors (36), it remains to be seen
whether this therapeutic approach will have widespread utility in
other tumors. Clearly, there is a great deal more to understand
about the molecular mechanisms underlying VE-cadherin ex-
pression in aggressive melanoma cells, and possibly other tumor
types, and its role in vasculogenic mimicry.
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